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Abstract—Ductile fracture in alloys is a multiscale process in which primary voids formed at micron-scale particles coalesce by a zig-zag pattern
of shear localization driven by finer-scale microvoiding at submicron-scale secondary particles. Employing the method of serial sectioning,
unprecedented 3-D microstructural reconstructions of steel crack-tip process zones are obtained and implemented into a large-scale simulation
for ductile fracture analysis. A quantitative understanding of the microvoid sheeting mechanism and mixed-mode failure controlling the zig-zag
fracture surface are presented using the modeling technique utilized herein. We define and quantify metrics of fracture by analyzing the crack opening
distance, process zone size, zig-zag wavelength and void growth ratios in the crack tip reconstructions. The quantitative agreement of these metrics
between experiment and simulation supports a new and developing predictive structure/property theory to enable materials design.
� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The US Materials Genome Initiative [1] acknowledges the
new opportunity of integrated computational tools
grounded in fundamental databases to greatly accelerate
the full materials development cycle, as already demon-
strated by a new generation of “designer steels” [2] taken to
full flight qualification for aircraft. While the structure–
property relations enabling computational materials design
[3] are well developed for material strength, the equally
important property of fracture toughness, defining resistance
to material fracture, has not been well represented in terms of
quantitative predictive capability [4]. To address the need for
such capabilities, an integrated approach of tomographic
characterization and 3-D fracture simulation has been
undertaken in order to bring the maturity of the structure–
property relations of toughness to the same level as that of
strength. Ductile fracture in steel is a process consisting of
nucleation, growth and coalescence of voids and microvoids
on at least two microscopic levels [5]. On the micron scale,
primary voids (approximately 1–10 lm in diameter in this

work) nucleate from primary inclusions that have cracked
and/or debonded from the matrix. On the secondary (submi-
cron) scale, microvoids nucleate from submicron precipi-
tates, such as grain-refining carbides (approximately 100–
200 nm in diameter in this work). The primary voids con-
tinue to grow until a critical strain level in the intervoid liga-
ments, where a process of microvoid softening driven by the
submicron secondary microvoids acts to link the primary
voids to one another by a pattern of shear localization. Rice
and Johnson [6] have shown that the critical crack-tip open-
ing displacement for crack propagation directly scales with
the spacing of primary inclusions (thus, J IC / X 0). This has
motivated the technology of “clean steels” in which the con-
tent of inclusions governing this spacing has been substan-
tially reduced. The linking of the primary voids by a
pattern of zig-zag shear localization corresponding to micro-
void sheets along paths of maximum shear strain has been
well established [7,8], and the critical crack opening displace-
ment has been shown to scale with the wavelength of this pat-
tern [9]; however, the quantitative role of the submicron
secondary particles in this pattern of shear localization has
remained elusive. Our goal is to create a comprehensive
model which envelops microstructure features at multiple
length scales to predict fracture toughness. Based on the
aforementioned characteristics of ductile fracture, toughness
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and shear instability can be determined from an examination
of microstructural quantities, such as inclusion spacing, crit-
ical primary void growth ratio (final void size at fracture/
inclusion size upon which the void nucleated), zig-zag
wavelength of crack morphology, and crack-tip opening dis-
placement. Many of these quantities have traditionally been
experimentally measured in only two dimensions [6,7,10–15],
but now with advanced tomographic capabilities developed
as part of a multi-institutional effort [16], we can obtain data
that is more precise, of greater statistical volume, and of 3-D
character. This, in turn, supports 3-D simulation with
improved quantitative validation capabilities. Previous work
by Tian et al. [17] utilized the multiresolution continuum the-
ory with purely phenomenological models used for the con-
stitutive behavior in order to obtain an accurate depiction of
a crack tip during ductile fracture. While this work did cap-
ture fracture at two length scales and included strong multi-
ple void interaction, intervoid ligament strain analysis, a very
coarse crack wavelength measurement, and an effort to relate
microstructure evolution to macroscale properties, it was
unable to capture the finer details of the crack both experi-
mentally and through simulation, and lacked an explanation
of the underlying mechanisms that drive the evolution of the
fracture path. Thus, the present work is a notable improve-
ment directed at determining the underlying mechanisms
which govern the fracture properties and evolution of hierar-
chically structured alloy materials. There are a number of
key features which distinguish this work as an improvement
over that which was previously conducted. Experimentally,
the resolution of the digital data set is seven times greater
in-plane and almost two times greater section-to-section,
the volume of material captured in the reconstruction is
almost three times greater, and the segmentation methods
are vastly improved with the utilization of color imaging
and development of more advanced algorithms for auto-
matic detection of microstructural features. This results in
a more accurate depiction of the microstructure that better
represents the actual process zone and provides more data
for implementation and comparison with simulation (e.g.
we integrated eight times more primary particles into our
simulation than that used in the previous work [17]). For
the simulation, we implemented the multiresolution theory
and adopted two mechanics-based constitutive models for
both the macro- and microzones, each of which was selected
based on the mechanics known to occur during the ductile
fracture process at their respective scales. A modified Gur-
son–Tvergaard–Needleman model is applied to the macroz-
one, accounting for primary void growth and shape change,
and a modified Fleck–Hutchinson model is used to govern
the elastic–plastic behavior in the microzone, accounting
for shear localization in the microvoid region. The mechanis-
tic nature of the models incorporated within the multiresolu-
tion theory for the current work, in combination with the
vastly more extensive microstructural data available from
the improved experimental techniques, yields a unified
framework that is much better suited to quantify the funda-
mental driving forces behind the evolution of the ductile frac-
ture process. The resulting implementation of the 3-D
microstructural data into the fully mechanics-based 3-D
multiscale model, combined with large-scale parallel
computing capabilities, has revealed a comprehensive under-
standing of the fracture process including detailed micron-
scale crack paths and crack branching that have not been
previously captured by existing models. A summary of this
implementation is given in the Supplementary Information.

2. Experimental reconstruction of a crack

Studying ductile fracture processes (void nucleation,
growth and coalescence) under the conditions of engineer-
ing toughness measurement standards requires a specific
mechanical test in which a plane-strain condition is
achieved. This means that material must be constrained in
the plane normal to the crack such that the investigated
region is not subjected to shear lip deformation. We per-
formed a modified-JIC fracture toughness test on fatigue
pre-cracked miniature compact-tension specimens of a tita-
nium-modified 4330 high-strength steel; the alloy composi-
tion and processing are described elsewhere [18]. The test
was halted near an estimated critical point corresponding
to toughness measurement standards, to produce a speci-
men exhibiting the full stages of the ductile fracture process.

The crack was reconstructed in three dimensions
through serial sectioning, the process of collecting a series
of consecutive, closely spaced 2-D layers of images and
assembling them to form a 3-D volume. Each thin layer
or “slice” of material is imaged by light optical microscopy
and is subsequently removed by metallographic polishing.
This process of imaging and removal is repeated until over
200 sections of images are collected. To simultaneously
acquire images with high resolution and with large fields
of view, photomontaging is employed. Aided by an auto-
matic stage on an optical microscope, an array of 8 � 8
images is collected for each slice. These overlapping images
are carefully photostitched together to create one large
image for each section, with an in-plane resolution of
0:133 lm per pixel and a total area of 800 � 1000 lm2.
The depth of material removal for each section is 1:5 lm,
and is tracked by fiducial marks in the form of an array
of Vickers hardness indents surrounding the crack-tip
region. This slice thickness was chosen as an appropriate
compromise between obtaining fine microstructure detail
and obtaining a large volume of data in a timely manner
and with a reasonable data size. The repetitive serial sec-
tioning process required approximately 3–4 weeks of man
hours to complete. Although this is cumbersome, the more
time-consuming step lies in the image processing. The
photostitching (in-plane image-to-image alignment), regis-
tration (section-to-section alignment), and segmentation
(identification of each microstructural feature) steps,
though seemingly straightforward, required automatic
and semi-automatic methods. Further details can be found
in the Supplementary Information.

The crack-tip data set was reconstructed in three dimen-
sions utilizing IDLTM and Amira commercial software.
IDL was used to visualize 3-D reconstructions and perform
the quantitative measurements presented here, and Amira
was used to create the video data included with this publi-
cation (refer to the online Supplementary Data, Movie S1).
A snapshot of the fully reconstructed crack tip is
represented in Fig. 1, showing the distribution of primary
inclusions and the topography of the associated fracture
process.

3. Simulation of ductile fracture

Taking the digital data sets from the experiments for the
initial microstructure configuration, the fracture process
was simulated using a multiresolution framework in which
the multiscale microstructure was modeled concurrently.
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